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ABSTRACT

In Greenland, free-living red coralline algae contribute to and dominate marine habitats along
the coastline. Lithothamnion glaciale Kjellman, dominates coralline algae beds in many
regions of the Arctic, but never in Godthabsfjord, Greenland, where Clathromorphum sp. is
dominant. To investigate environmental impacts on coralline algae distribution, calcification
and primary productivity were measured in situ during summers of 2015 and 2016, and
annual patterns of productivity in L. glaciale were monitored in lab-based mesocosm
experiments where temperature and salinity were manipulated to mimic high glacial melt.
The results of field and cold-room measurements indicate that both L. glaciale and
Clathromorphum sp. had low calcification and photosynthetic rates during the Greenland
summer (2015 and 2016), with maximum of 1.225 + 0.17 or 0.002 £ 0.023 pmol CaCOs - g*
- h™ and -0.007 + 0.003 or -0.004 + 0.001 mg Oz - L™ - h'tin each species respectively.
Mesocosm experiments indicate L. glaciale is a seasonal responder; photosynthetic and
calcification rates increase with annual light cycles. Further, metabolic processes in L.
glaciale were negatively influenced by low salinity; positive growth rates only occurred in
marine treatments where individuals accumulated an average of 1.85 + 1.73 mg - d*! of
biomass through summer. These results indicate high freshwater input to the Godthabsfjord
region may drive the low abundance of L. glaciale, and could decrease species distribution as
climate change increases fresh water input to the Arctic marine system via enhanced ice sheet

runoff and glacier calving.

KEYWORDS: Arctic, Clathromorphum sp., ecophysiology, Greenland ice sheet, maerl, polar

seaweeds, rhodolith, L. glaciale, salinity
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ABBREVIATIONS: PAM, pulse amplitude modulated; DO, dissolved oxygen; GrlS,
Greenland ice sheet; CCA, crustose coralline algae; Ec, compensating irradiance; DMSP, 3-
dimethylsulfoniopropionate; Ex, saturating irradiance; Pm, maximum photosynthesis; PAR,
photosynthetically active radiation; Fv/Fm, maximum quantum efficiency; RLC, rapid light

curve.
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INTRODUCTION

Polar seaweeds are adapted to the extreme environmental and seasonal conditions of the
Arctic and Antarctic oceans (Wiencke and Amsler 2012). They can tolerate temperatures
close to freezing and many are shade-adapted, allowing them the ability to withstand periods
of little to no light in the subtidal zone (Wiencke and Amsler 2012). There are many
commonalities between polar communities, but they are constrained by the geographical
history of each phytoregion. Antarctic species experience consistently low temperatures and
high nutrient levels throughout the year in the Southern Ocean which isolates these marine
communities from the Atlantic, Pacific, and Indian Ocean basins, making light the most
influential factor in the algal environment (Gémez et al. 2009). Many Antarctic endemics are
‘seasonal anticipators' (Wiencke et al. 2007), beginning growth in winter-spring in order to
maximize growth in spring with the return of sunlight (Kain 1989). Arctic species ranges are
broader, more influenced by recent ice ages (Provan et al. 2005), and temperature and
nutrient concentrations in the Arctic marine environment fluctuate seasonally (Aguilara et al.
2002). Dominant North Pacific kelps are typical 'seasonal responders’, using accumulated
photosynthetic products from the summer for peak growth from autumn through winter when
nutrients are available (Dunton and Dayton 1995). Out of the dominant habitat forming
seaweeds, calcifying red algae (specifically coralline algae) have eluded focus in most high-
latitude marine systems, likely because brown algal forests are significantly more productive

and abundant (Freiwald and Henrich 1994).

Coralline algal habitats, composed of both crustose and free-living morphologies, are
important from both an ecological (Foster 2001, Kamenos et al. 2004, Steller and Caceres-
Martinez 2009, Teichert 2014) and biogeochemical perspective (Burrows et al. 2014).

Coralline algae are slow growing, long lived species (up to 1200 years; Adey et al. 2015), and
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can provide complex habitats that foster diverse faunal assemblages (Kamenos et al. 2004,
Stellar and Caceres 2009, Teichert 2014). The free-living coralline species are often referred
to as rhodoliths or maerl, the former developing on stones (nucleated), and the latter a finely
branched morphology, continually regenerating when the thallus is fragmented (Irvine and
Chamberlain 1994). These come in many shapes and sizes that can reflect the sedimentary
characteristics of the habitat and influencing algae-associated fauna (Bosence 1979, Bosence
1983a). Thirteen coralline species commonly form habitats in the north Atlantic, from the
Canary Islands to Svalbard (Hernandez-Kantun et al. 2017), and it is thought that temperature
and light control the depth distribution of coralline algae habitats in the Arctic (growth
decreases by ~4% - m™ in Lithothamnion glaciale Kjellman; Freiwald and Heinrich 1994).
Other factors that impact the persistence of coralline algae beds include sedimentation and
burial through natural or anthropogenic disturbances (Wilson et al. 2004). Species respond to
environmental factors individually and this is compounded by the habitat substrata and
hydraulic energy for turning or biogenic movement (Bosence 1983b, Marrak 1999, James

2000).

Growth of maerl species in the north east Atlantic was measured monthly by Adey (1970)
using capture and release methods. Almost all growth occurred during summer in a banding
pattern of many small cells, but single large cells in winter, which may also be a product of
calcification inhibition by orthophosphates in the environment (Freiwald 1998).
Orthophosphates and nitrogenous compounds which are more abundant in winter are stored
as proteinaceous inclusions in the coralline algal thallus (Giraud and Cabioch 1983, Pueschel
1992) to mediate the oligotrophic summers and support calcification during this growth
period, rates of which can be twice that of winter growth in Lithothamnion spp. (Freiwald and

Henrich 1994). In the summer, coralline algae store photosynthetically derived carbohydrates
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as starches for use during the Polar Night (Adey 1973, Liining 1990, Freiwald and Henrich
1994) and these substances can be translocated within the thallus through pit connections and
cell fusions (Steneck 1986). The resulting annual bands in thallus material are analogous to
tree rings in terrestrial habitats and can provide a historical record of marine climate through
the Mg content and 830 of the coralline skeleton, which translate to temperature and salinity
of the surrounding habitat over time (Kamenos et al. 2012, Adey et al. 2015).
‘Rhodochronology’ is particularly useful in reconstructing Arctic conditions as corals and

trees used in paleoclimate studies at lower latitudes are scarce (Adey et al. 2015).

Calcification rates in the Arctic are low; calcification of L. glaciale were 17.9 mg - y* per
branch at 7-m depth (895-1432 g CaCOs - y* - m?) and 4.2 mg - y* per branch at 18-m depth
(420-630 g CaCOs - y* - m?) in Norway (Freiwald and Henrich 1994). In Svalbard,
calcification rates were 113% higher in summer than winter and annual CaCOs production of
L. glaciale was estimated to be 313.5 + 78.4 g CaCOs - m™ - yin individuals collected from
40 to 50-m depth (Cape Rubin, 80° 32 19” N, 19° 50’40 E; Blidenbender et al. 2011).
CaCOs production rates decrease with increasing latitude, polar night, and sea ice cover in
Svalbard, accreting 100.9 g CaCOs - m? - y* in Nordkappbukta (80° 30' 57" N 19° 40' 47"E)
and 200.3 g CaCOs - m? -yt in Floskjereet (78° 19' 43" N 14° 40' 18" E), which highlights

the importance of light in productivity of these polar corallines (Teichert and Friewald 2013).

To tolerate very low light habitats in the Arctic (~ 1 % of surface irradiance; Teichert et al.
2012, Teichert and Friewald 2013), coralline algae communities are probably shade-adapted
like those in the Antarctic (Schwarz et al. 2005). Oxygen evolution of crustose corallines
Phymatolithon foecundum (Kjellman) Diwel et Wegeberg and Phymatolithon tenue

(Rosenvinge) Diwel et Wegeberg indicate average E. between 0.7 - 1.8 umol photons - m -
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s’ across seasons and depths in Young Sound, northeastern Greenland (Roberts et al. 2002).
Average Ex for these species was between 7 - 17 umol photons - m?- s and Pm was 43-67
mmol Oz - m? thallus - d* (250-400 g C - m™ thallus - y*). The average dark respiration rate
for these individuals was ~5 mmol Oz - m thallus - d! throughout the year, which translates
to net production only during the months when irradiance can reach the benthos. These
species have very low requirements for saturating irradiance but are not very productive. The
low productivity of Arctic rhodoliths in Norway is discussed by Freiwald and Henrich (1994)
who suggest this attribute is controlled by the season and sea ice conditions in a region. This
has also been shown for CCA at Cape Evans in the Ross Sea, where PAM fluorometry
alongside O, evolution corroborate an Ex of 2.9 - 3.2 pmol photons - m? - s and an E; of
0.10 pmol photons - m2 - st in benthic communities between 13-26 m depth, under sea ice
(Schwarz et al. 2005). All data suggest that polar coralline algae have very high tolerance for
environmental extremes as they persist through years of low productivity to great ages (Adey

et al. 2015).

Coralline algae beds in the Arctic have been described as self-organizing communities that
maintain low diversity but persist in wave-sheltered habitats (Freiwald 1993). These habitats
have a patchwork distribution along the coastline of Greenland and can be composed of
Lithothamnion, Clathromorphum, Phymatolithon, and Leptophyllum species, the deepest
described at 77 m (Jgrgensbye and Halfar 2017). Kelps also cover the coastlines of Greenland
below the fucoid-dominated intertidal zone (Pedersen 2011), and coralline algae beds
frequently punctuate these habitats. In this study we are specifically interested in the
physiology of L. glaciale Kjellman, a monospecific branching-columnar maerl species

(Bosence 1983a) whose range spans the north Atlantic (Hernandez-Kantun et al. 2017), is
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ecologically important in the polar regions (Teichert 2014) and can be used as a paleoclimate

record (Kamenos et al. 2012, Adey et al. 2015).

Dominant coralline algae species appear to vary across regions in Greenland, for instance L.
glaciale forms large beds in Kangerlussuaq (Kamenos et al. 2012) and Disko Bay
(Jargensbye and Halfar 2017) but is not common in the large fjord system adjacent to Nuuk,
Greenland. This region has three tidewater glacier outlets from the GrlIS that make fjord-
marine conditions turbid, cold, and hyposaline, the former perhaps having the greatest effect
on maerl/rhodolith survival (Wilson et al. 2004). In Godthabsfjord, Nuuk, the rhodolith
Clathromorphum sp. (a sister species to C. compactum; Gabrielson pers. comm.) is dominant
in areas where glacial silt and sediment are displaced by hydrodynamic forces, generally
inlets between maritime islands at the mouth of Godthabsfjord and Akia Peninsula
(Schoenrock pers. comm.; Figure 1). Clathromorphum sp. here are mono-multispecific
spheroidal-ellipsoidal laminar rhodoliths (Bosence 1983a). L. glaciale is intermittently
present in Clathromorphum sp. beds and can be found in crustose or free-living morphologies
in high sediment kelp forests of the Akia Peninsula (Schoenrock pers. comm.; Figure 1).
Other rare species in the region include Lithothamnion leave, found in Clathromorphum sp.
beds at the mouth of Kgbbefjord with L. glaciale, and C. circumscriptum (Gabrielson pers.

comm.), which is found in high sediment kelp forests on the Akia Peninsula.

In this study we aim to identify how environmental factors (low temperature and salinity) that
characterize the major fjord system outside of Nuuk, Greenland, affect the physiology of L.
glaciale. We hypothesize that the freshwater input from the GrlIS melt creates a hyposaline,
cold habitat in this region that L. glaciale specifically cannot tolerate, but the abundant

Clathromorphum sp. can. We compared physiological processes of calcification and
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photosynthesis in L. glaciale and the dominant Clathromorphum sp. in the natural
environment of Godthabsfjord, Greenland to determine performance of each species. To
compliment these data, a twelve-month lab-based mesocosm experiment manipulating
temperature and salinity of sea water was used to measure productivity of L. glaciale
throughout the year in conditions reflecting the fjord-marine environments outside Nuuk. In
the future, cold, hyposaline systems are likely to become more common in Greenland due to
increased ice sheet melt (Parizek and Alley 2004), and results from this study will not only
describe environmental restrictions on the physiology of L. glaciale but may be used to

describe present day and predict future distribution of this species.

METHODS

In August 2015 and 2016, coralline algae were collected from sites adjacent to the Akia
peninsula, the seaward islands of Godthabsfjord, and Kagbbefjord where the fjord meets the
marine environment (Figure 1). Subtidal collection sites were chosen using Google Earth
high resolution imagery and a drop camera (PVC frame with a GoPro HERO4) was used to
verify coralline algae habitats were present in the selected locations. Specimens of each
species were collected on SCUBA at each site (max collection depth 10 m) and brought to
either a field camp or the Greenland Institute of Natural Resources (GINR), Nuuk, where
calcification and photosynthesis were evaluated in natural conditions for both Lithothamnion
glaciale (from Kgbbefjord and Akia Peninsula; Figure 1) and Clathromorphum sp. (from the
seaward islands Site 124 and Dive 14; Figure 1). In 2015, collected specimens of L. glaciale
were hand carried in 2-4 °C seawater to the UK where long-term incubations of individuals
from Akia peninsula were conducted in the Marine Mesocosm Facility at the University of

Glasgow. Voucher specimens of both maerl species were sent to Dr. Paul Gabrielson at the
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University of North Carolina to verify species identification because of the cryptic diversity

in coralline algae.

To assess environmental parameters in the fjord and marine environments, profiles of the
water column were measured at fjord and marine sites (n = 1 for each site) using a multi-
parameter sonde in August, 2015 (YSI; Figure 1). Profiles were created by attaching the
sonde to a 15-m line with 1-m increments, and slowly lowering the instrument to 10-m depth
off the side of the marine vessel. The pH, DO, salinity, and temperature probe readings were
allowed to stabilize before the sonde was slowly drawn up to the water's surface, measuring
these parameters throughout the water column. Profile values from 10-m depth were then
used to determine mesocosm conditions that reflect the low salinity and temperature
conditions that result from high meltwater input (runoff and icebergs) from the GrlS during
the summer. Salinity throughout the region ranged from 32.5 in the marine environment to 0
at the inner fjord, near tidewater glacier outputs (Table 1). In well mixed areas salinity could
be 25.5 at 10 m (S24, Table 1). A value of 22 was used for the low salinity ‘fjord" treatment
while 33 was used for the 'marine’ salinity. Temperature in the region ranged from 0 °C to 11
°C in summer, 2015 (Table 1) so low temperature “fjord’ treatments were set at 4 °C and
‘'marine’ treatments were 7 °C. The four mesocosms reflected summer marine (control, 7 °C
and 33), low salinity (7 °C and 22), low temperature (4 °C and 33), and fjord conditions (4 °C
and 22) (Table 2). Sub-tidal light levels were measured in August 2015 adjacent to the Akia
peninsula at 10-m depth using an Odyssey PAR logger (400-700 nm resolution) and ranged
between 101- 196 pmol photons- m2 - s at midday. Total alkalinity (A7) in the Nuuk area
and beside the Akia Peninsula was 1845.54 umol - kg and 1651.59 pmol - kg™* respectively
during a flood tide, August 2016, which is low compared to the average for Greenland (2220-

2260 umol - kg - SW-tunits; Lee et al. 2006). Measurement of sea water alkalinity took place

10
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at the University of Glasgow using 12-mL preserved samples following the At anomaly

methodology described below.

The marine-fjord mesocosm experiment with L. glaciale began on 28 September, 2015 and
ended on 8 September, 2016 (346 d). Each mesocosm was constructed using 200-L aquaria
with a Teco TK15 recirculating chiller outfitted with a Vecton 120 nano UV sterilizer.
Rio400 water pumps were used to maintain water flow within the aquaria and filter
particulate material out of the water column. Light levels were consistently kept between 88-
98 umol photons - m? - s (measured with Odyssey PAR logger) and daylight hours were
adjusted to follow annual patterns for the Nuuk region (4-21 daylight hours). Mesocosm
parameters were monitored throughout the year with an YSI DO and salinity probe (YSI Pro
2030, USA), VitalSine pH probe (Aquasonic, AU) (Table 2), and At was calculated
periodically after January 2016 to ensure water chemistry remained stable (Table 2). Partial
water changes were conducted once a month to ensure nutrient levels were consistent
throughout the experiment (source Field Studies Council, Millport, Scotland), but sea water
was never enriched. At the onset of the experiment large burrowing organisms, such as clams
and sponges, were removed from each rhodolith with tweezers so that metabolic activity in
the mesocosms would primarily be a product of the maerl itself. Biofilm communities were
disturbed by lightly brushing the individual with a sterilized toothbrush once a month to

mimic natural herbivory and prevent overgrowth on each individual.

Calcification
Daily calcification was measured using the At anomaly technique first described by
Chisholm and Gattuso (1991). In all incubations individual maerl and rhodoliths were

weighed (wet weight, WW), placed in 140-mL air tight containers with sea water, and kept in
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ambient or mesocosm treatment conditions for 24-h. Incubations in natural conditions had a
light: dark cycle representative for the time of year at Nuuk, Greenland, and were done
directly after collection. In 2015, “field” measurements with L. glaciale were collected in the
intertidal next to a field camp in the Akia Peninsula (maximum natural light at 120 pmol
photons - m? - s, ~ 4 °C). In 2016, ‘cold room’ measurements took place with both coralline
algae species in the GINR cold room at 2 - 4 °C with 98 pumol photons - m™ - s of down-
welling light to reflect in situ conditions. For all treatments a control incubation was run
without algae to account for fluctuation of At in the water column. Day (8 h) and night (16 h)
incubations were conducted in each treatment to determine whether calcification rates were
higher during light hours. The annual light cycle was disrupted to ensure all night incubations

were conducted in complete darkness.

To measure Ar, sea water samples were taken prior to and directly after the incubations using
two methods: 1) in Greenland field and cold room incubations 12-mL sea water samples were
siphoned into Exetainer® (Labco, UK) vials and poisoned using HgCl. to stop biological
activity (Dickson et al. 2007), and 2) at the University of Glasgow, 100-mL samples from
mesocosm incubations were kept in a cool dark area and processed immediately to measure
accurate A of sea water samples. Titrations were conducted following the methodology of
Yao and Byrne (1998) using a 0.1 M HCI 0.6M NacCl titrant with an 848 Titrino plus
potentiometric titrator (Mettler Toledo) and a sulfonephthalein indicator, Bromocresol green,
with a DR5000 spectrometer (HACH, Canada). At was then calculated using the mass of
titrant and pH of each sample calculated by absorbance at A444 and A616 (Breland and Byrne
1993). At start, AT end, WW, incubation time (t, h), and volume of airtight incubation container
(V, L) were used to calculate net calcification in pmol CaCOs - g algae™ - h't (eq 1, from

Martin and Gattuso 2009).
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1 G= (-(A7 start - ATend - Acontrol) * V / (2*WW*t)) *1.025

Calcification is expressed as a rate (G (umol CaCOs - g - hl)) for ease of comparison across
treatments in natural conditions. In 2015, incubations were conducted in the field twice with
L. glaciale from Akia Peninsula and then Kgbbefjord (n = 5 for both incubations).
Calcification incubations in mesocosms took place in March, May, June, and September (n =
5 per treatment), and mesocosm day and night incubations took place in May and June (n =5
per treatment) when light levels were increasing and we suspected individuals to have
measurable productivity. In 2016, cold room incubations were repeated with L. glaciale from
Akia Peninsula and Kgbbefjord (n = 9 from both locations), and Clathromorphum sp. from
sites 124 and Dive 14 (n = 9 from both locations; Figure 1). We referred to individuals in
field incubations as a 'holobiont’ because infaunal organisms and biofilm organisms were also

likely to be influencing our measurements of metabolic activity (Egan et al. 2012).

Primary production

PAM fluorometry was used to evaluate photosynthetic health of individuals in situ and across
experimental treatments as this approach has previously been used successfully with polar
coralline algae (Schwarz et al. 2003, Schwarz et al. 2005, Schoenrock et al. 2016). We used a
DIVING-PAM fluorometer (Walz, Germany) and a 5-mm blue light diode to make
measurements on the outer branches of individual maerl in Greenland (2015) and in
mesocosm experiments. In the field (2015) Fv/Fm of L. glaciale was measured hourly from
0800 - 1800 to determine the dynamics of energy uptake in this species. A midday depression
in Fv/Fm, but recovery period thereafter, shows dynamic photoinhibition is correlated with

high PAR, which is typical for Arctic species (Hanelt and Nultsch 1995). In mesocosm
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experiments PAM fluorometry measurements (RLCs) were taken between 1200 and 1400
during this midday depression. Fluorometry was used eight times throughout the incubation
(n =5 per treatment; December, January, March, April, May, June, July, and September) to
evaluate the seasonality of photosynthetic characteristics across treatments and ensure the
maerl were alive. From RLCs we use the effective yield (Y") at each irradiance level (PAR) to
calculate relative electron transport rate (rETR; eq 2) at each irradiance and fit these values to
Jassby and Platt's fit model (Jassby and Platt 1976). Using this model, parameters of the light
curve including maximum electron rate between PSIl and PSI (rETRmax), photosynthetic

efficiency (a), and Ex were calculated as follows:

2 rETR=05*Y *PAR

Primary production was quantitatively measured as net O, production rate (mg Oz - L™ - h't .
g algae™®) during 24-h calcification incubations with L. glaciale (closed system) in both
mesocosm experiments (n = 5 per treatment) and in the cold room incubations with both L.
glaciale and Clathromorphum sp. 'holobionts’, 2016 (n = 9). A YSI DO probe (YSI Pro 2030,
USA) was used to measure % O in seawater at ambient temperature prior (Pstart) to the
incubation and after incubation (Pend). A control container was always used to compensate for
non-coralline respiration or productivity in the water column (R). Each % O was converted

to mg Oz and production was calculated using WW, time (t, h), and volume (V, L; eq 3).

3 O2 production = ((Pend-Pstart) + R) / t * V * WW

Measurements were calculated as a rate to compare across treatments when incubation times

were slightly variable.
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Growth

Growth of individuals was measured in mesocosm experiments using change in mass over
time (n =5 per treatment). Individuals were patted dry and weighed 12 April, 2016 (WWstar,
mg) and again on 8 September, 2016 (WWeng, 153 d). This experimental period was chosen
because it has been noted that maerl grow primarily during summer months when there is
greater light availability (Adey 1970, Adey and Mckibben 1970). Growth (u) was then
calculated as a function of percent change in WW over time (t) in order to account for
variation in growth due to size of the organism (eq 4).

4 1= ((WWeng- WWistart)l WWistart) / t

Statistics

We considered ‘field" incubations during August 2015 and 2016 to represent in situ
calcification and primary productivity of these coralline algae species. A repeated measures
MANOVA was used to determine impacts of the independent variables temperature and
salinity on calcification and DO production of individuals in mesocosms over four time
periods (SPSS v23, IBM). A repeated measures MANOVA was used to determine significant
differences in day vs. night calcification rates at two time periods in mesocosm treatments
(SPSS v23, IBM). PAM fluorometry measurements in mesocosms (Ex, rETRmax, and o) were
compared across treatments over the eight sampling periods using a repeated measures
MANOVA (SPSS v23, IBM). Growth was compared across treatments using a fixed-effect
model, 2-way ANOVA (SPSS v23, IBM) and the Holm-Sidak pairwise multiple comparison
posthoc test. All data met the assumptions of normality and equality of variance prior to

running each test.
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RESULTS

Calcification

Calcification rates in natural conditions were low, indicating daily summer calcification
values ranging from net dissolution to max 1.225 umol CaCOs - g* - h'tin L. glaciale and
Clathromorphum sp. (Table 3). In 2015, L. glaciale calcification rates were 10-fold lower
than in 2016, which may be because cold room incubations occurred 10 - 20 days later in the
month that year (natural cycle seen in marine treatments of the mesocosm). Twenty four hour
calcification rates of L. glaciale in mesocosm treatments from March - September showed
that calcification changed throughout the summer, and rates were significantly reduced in low
salinity and temperature treatments (repeated measures MANOVA, F3, 16 = 5.185, 4.013, p =
0.013, 0.03 respectively; Figure 2a). L. glaciale in marine treatments (7 °C and 33) increased
calcification rates through summer, but rates declined with the onset of autumn (Figure 2a).
Calcification rates of L. glaciale in other treatments fluctuated over time; individuals in fjord
(4 °C and 22) and low temperature (4 °C and 33) treatments had reduced calcification rates
and did not display the seasonal pattern observed in individuals exposed to marine treatments
(Figure 2a). Calcification rates of L. glaciale in low salinity (7 °C and 22) treatments were
highly erratic with large variation between individuals (Figure 2a). Night calcification rates
were frequently greater than daytime calcification rates in L. glaciale from all but marine
treatments (repeated measures MANOVA, F3, 16 = 9.88, p = 0.006). Individuals exposed to
low temperature and fjord treatments had negative to low calcification rates during the day
which significantly increased over the May and June night measurements (repeated measures
MANOVA, F3, 16 = 22.793, p < 0.001; Figure 3), while individuals in low salinity treatments
had erratic calcification patterns with the highest calcification rate on average at night in May

and the lowest rate during the day in June (Figure 3).
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Primary production

In individuals from all treatments values of o changed significantly over the year, generally
increasing from November to January and decreasing from June to September (time, repeated
measures MANOVA, F7, 10 = 46.952, p = 0.000; Figure 4a). Individuals in low salinity
treatments had variable o values during November and January and lower values of a in
March to June (repeated measures MANOVA, F7,10 = 3.288, p = 0.044; Figure 4a).
Individuals in low temperature treatments significantly increased a in January, but lower
values, comparable to marine treatments, were measured the rest of the year (repeated
measures MANOVA, F7, 10 = 3.686, p = 0.032). The combination of low temperature and
salinity in fjord treatments reduced the effect of hyposaline conditions on L. glaciale, and o
values were consistently lower in fjord than marine treatments (repeated measures
MANOVA, F7,10 = 3.715, p = 0.031; Figure 4a). Average rETRmax in L. glaciale from each
treatment changed significantly over time (repeated measures MANOVA, F7,10 =21.962, p <
0.000; Figure 4b), and was significantly reduced in individuals exposed to low salinity
(including fjord treatments) at many time periods beginning in March (repeated measures
MANOVA, F7,10 = 4.594, p = 0.015; Figure 4b). In marine treatments, Ex fluctuated
significantly over time, decreasing from November to June and gradually increasing June to
September (repeated measures MANOVA, F7,10 = 13.98, p = 0.000; Figure 4c). L. glaciale in
low salinity, low temperature, and fjord treatments generally had lower Ex values than
individuals in marine treatments (repeated measures MANOVA, F7, 10 = 3.653 and 13.039, p
=0.036 and 0.000 respectively), but individuals exposed to fjord treatments in January and

low salinity treatments in March had unusually high average Ex (Figure 4c).

Average values of net respiration were observed in 24-h incubations with holobiont L.

glaciale and Clathromorphum sp. in the cold room incubations (Table 3). In mesocosms
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treatments, O. production significantly decreased in individuals exposed to low salinity, and
fluctuated from May to September (repeated measures MANOVA, F3, 16 = 3.642 and 3.76, p
=0.039 and 0.036 respectively; Figure 2b). Individuals in marine treatments increased O>
production over the summer months and then decreased production levels to net respiration
by September (Figure 2b). Productivity of individuals in low salinity treatments continually
indicated net respiration, and decreased O, production by September (Figure 2b). Maerl in
low temperature treatments had O> production levels greater than marine treatments, which
increased through summer, decreasing in September maintaining net production (Figure 2b).
Individuals exposed to fjord treatments had high O production rates in May, but production

decreased through the summer to net respiration (Figure 2b).

Growth

Net growth only occurred in marine conditions, where average growth rates of L. glaciale
were 1.85 + 1.73 mg - dX. There was a significant interaction between the two fixed factors
indicating temperature effects were impacted by salinity (2-way ANOVA, F3 16 =5.246, p =
0.033), but there was no significant effect of temperature or salinity alone (2-way ANOVA,
F3 16 = 2.754 and 0.525, p = 0.113 and 0.477 respectively). Individuals kept at 4 °C had a
lower growth rate than individuals in fjord treatments (Holm-Sidak posthoc test, t = 0.446
and t =2.132, p =0.011 and p = 0.046 respectively). In low temperature treatments, average
growth rates of individuals were the lowest at -16.56 + 8.18 mg - d*, followed by average
growth rates of -5.447 + 1.68 mg - d! in individuals exposed to low salinity treatments, and
average growth rates of -2.51 + 3.76 mg - d* in individuals exposed to fjord treatments.
Extrapolating average growth rates of individuals in marine treatments, L. glaciale has the

potential to increase its biomass by 43.8 to 1310 mg - y* in marine conditions.
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DISCUSSION

This study describes the environmental factors that affect the physiology of L. glaciale and
provides the first record of photosynthesis and calcification for both L. glaciale and
Clathromorphum sp. in natural conditions for southwestern Greenland. Annual patterns of
primary production and calcification in L. glaciale indicate that the species can tolerate low
temperatures, and may even become more productive under these circumstances. By contrast,
individuals subject to low salinity are not productive (net respiration in incubations) and have
low calcification rates. This study also highlights the low in situ calcification and O>
production rates in both L. glaciale and Clathromorphum sp. and the occurrence of greater
calcification rates during night rather than day. This information on the ecophysiology of
both Clathromorphum sp. and L. glaciale makes a valuable contribution to understanding
biogeography of species around Greenland, paleoclimate reconstructions, and community
ecology. Further, quantifying the physiological response of L. glaciale to high melt
conditions is important for predicting future range restrictions that may be expected with
increased precipitation, glacial surface melt and calving in Greenland's climate systems

(Bintanja and Andry 2017).

Glacial melt is accompanied by low salinity and temperatures, which can restrict metabolic
processes in algae including the corallines (Hurd et al. 2014). Coralline algae are rare near the
GrlIS and only found in crustose morphologies (Schoenrock pers. comm.), most likely
because fjord conditions are sub-optimal for coralline algae. Aside from cold, hyposaline
conditions free-living coralline algae cannot withstand heavy sediment loads, or smothering,
which can be a product of sedimentation from high subglacial meltwater discharges or
anthropogenic inputs including sewage and tidal disruption (Wilson et al. 2004). Low

abundance of this species in Godthabsfjord, near the marine environment, is likely due to the
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pulses of low salinity glacial melt water entering the fjord system during the summer to
autumn months. Evidence for this is the low Oz production and calcification rates measured,
the less efficient o values (but erratic trends across the year, Figs. 2, a-b, and 4a), and
negative growth over the year in individuals exposed to low salinity mesocosm treatments.
The salinity tolerance of other polar seaweeds, such as eulittoral Chlorophyta in Antarctica, is
due to regulation of cellular osmolytes, which range from inorganic-organic compounds
(including potassium ions, carbohydrates, and DMSP), which allow these species to tolerate a
range of 7-102 psu (Jacob et al. 1991, Karsten et al. 1992). DMSP is a known cryoprotectant
that increases concentration with lower temperatures (Karsten et al. 1996) and is commonly
found in coralline algae (Malin and Erst 1997). Regulation of DMSP and other osmolytes
was not investigated in this study, but DMSP in L. glaciale has been investigated before by
Burdett et al. (2015) in a 21-day study that indicated DMSP concentrations were not
influenced by salinity in a Scottish habitat and may not function as an osmolyte in this
species. Future study on the role of DMSP in temperature tolerance of polar L. glaciale
ecotypes could be pertinent because of the negative physiological effects on L. glaciale in

low salinity conditions.

Temperature and light are commonly the primary factors controlling distribution of other
coralline algae communities in the North Atlantic (Adey and Adey 1973). L. glaciale persists
in low temperature and low light habitats, for instance beds dominated by L. glaciale are
prominent in low light conditions from Greenland to Svalbard (Teichert et al. 2012), and
primary production (measured through Oz production) was positive at low temperatures in
this study. A pilot study investigated linear extension of L. glaciale from Svalbard at low
light and found greatest growth in individuals at 4 °C (L. Hofmann, pers. comm.). In contrast,

the lowest growth rates in this study were seen in individuals exposed to low temperature,
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then low salinity, and then fjord conditions, suggesting temperature restricted growth rate but
salinity ameliorated negative effects. Individuals in low temperature treatments had positive
O2 production (sometimes greater than ‘marine’ individuals) and calcifying rates (Figure 2a-
b) indicating that energy produced was not necessarily going into growth. The energy created
through increased productivity (noted by increase in O2 production) may go into other
metabolic processes that draw away from investment in biomass such as reproduction
(Edyvean and Ford 1987, De Wreede and Klinger 1988). We noted the appearance of
conceptacles and spore settlement in each treatment but did not quantify reproductive effort
to compare investment. Sloughing occurred around reproductive structures on branches,
which was not previously recorded for L. glaciale (Freiwald and Henrich 1994). Overall L.
glaciale has broad temperature tolerance because it dominates marine habitats (Loch Sween,
Scotland; Kamenos et al. 2004, Donohue 2015) in temperate waters where higher average

temperatures prevail.

Calcification and O production in L. glaciale occur independently in the day vs. night
incubations, demonstrating that dark calcification is an important process, and contributes to
a significant portion of net calcification in some individuals over a 24-h period (Figure 2a,
Figure 3). Of all incubations, the highest calcification rates of L. glaciale were in dark, low
salinity treatments during June (Figure 3), which was a higher rate than measured in 24-h
incubations and may indicate a compensatory action after stress during light hours, as net
dissolution or weight loss was measured in the growth of individuals in this treatment. Yet,
dark calcification is not uncommon in coralline algae; it contributes to net calcification in
temperate intertidal corallines around the world (McCoy et al. 2016, Williamson et al. 2017).
Our results suggest that calcification is not reliant on photosynthesis in this cold-water

species, contradicting the broad assumption that they are strongly linked in calcifying
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autotrophs (Borowitzka 1981). For dark calcification to occur carbonate, a precursor for
precipitation of CaCOs extracellularly, may be in abundance in the environment (Borowitzka
1981), as noted in a study with rockpool species in the UK (Williamson et al. 2017). Further,
Hofmann et al. (2016) found evidence for a Ca?*/H* pump in a tropical Porolithon sp. which
drove light-mediated, but photosynthesis independent, net uptake of Ca?* throughout the day.
Calcification mechanisms in corallines have been investigated using targeted microsensors to
define the characteristics of the algae microenvironment (Hofmann et al. 2016) and similar
methodology should be used to measure this in polar species to provide insight into species

adaptation to extreme polar environments.

The calcification and O production of both coralline algae species as a 'holobiont' (without
removal of embedded organisms or biofilms) was very low, signifying coralline habitats are
not productive systems. Results indicate that calcification in these species may result in
maximum accretion of 0.73 g CaCO3z g maerl™ - y* in Clathromorphum sp. and a maximum
accretion of 447.13 g CaCOs g maerl™ - ytin L. glaciale. In the mesocosm study,
calcification and growth rates of L. glaciale in the marine treatments and in natural conditions
were like previous measurements in the Arctic (Freiwald and Henrich 1994, Blidenbender et
al. 2011, Teichert and Friewald 2013), but lower than those recorded at 4 °C in Scotland
(Donohue 2015). The growth rate projected for individuals here, especially L. glaciale,
cannot be extrapolated to m as most studies do because there are no records for density of
individuals. This is the first record of net dissolution of algal individuals in natural conditions
(mostly Clathromorphum sp.), which is novel because this is only projected to occur when
aragonite saturation levels are between 0.9-1.1 (specifically in L. glaciale; Biidenbender et al.
2011). These saturation levels are anticipated to be reached during 2030-2050 for the high

Arctic (IPCC 2013), so it is more likely that other calcifying organisms or the microbial
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community (Lewis et al. 1985, Freiwald 1995) of the holobiont are adding or detracting from
the calcification rate calculations. When we compare mesocosm incubations to measurements
in natural conditions, L. glaciale in marine treatments (without the associated invertebrates,
i.e. clams and sponges) grew at rates of 1.31 g to 43.8 mg individual™ - y*, a lower estimate
than natural measurements which may be due to handling individuals in an artificial
environment. Recently, isotope analyses showed that marine detritus (kelp specifically) is an
important nutrient resource in maerl bed habitats (Gabara 2014), perhaps even specifically to
the maerl. Sediment and particulate organic matter (SPOM) is also important in maerl bed
food webs (Grall et al. 2006), indicating that growing maerl in mesocosms probably deprived
them of natural resources. Care should therefore be taken when comparing mesocosm results

to outcomes from the studies in natural conditions.

Biofilms can play a major role in the ecosystem function of coralline algae. Freiwald (1993)
proposed that biofilm bacterial species were recruiting herbivore larvae to maerl beds to
prohibit kelp settlement in this habitat. Bacterial cues are shown to elicit settlement of
invertebrates in sub-tropical maerl beds in the Gulf of California (Steller and Caceres-
Martinez 2009). Cues for abalone larvae have been identified from both corallines and their
biofilm communities on temperate reefs (Daume et al. 1999) and tropical reefs with coral
larvae (Heyward and Negri 1999). Similarly, allelopathic compounds have been found in
corallines and their biofilm communities, preventing the settlement and growth of other algal
species in temperate and tropical systems (Suzuki et al. 1998, Kim et al. 2004, Gomez-Lemos
and Diaz-Pullido 2017). Interactions of this sort in polar habitats are not known, but
organisms in the biofilm, or diffusion boundary layer, certainly contribute to the algal
microenvironment (Hurd 2000). Microbial communities could contribute to cell wall

sloughing and breakdown and have been linked to decomposition processes (bacterial
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oxidation) of the epiphytic communities on algae (Lewis et al. 1985, Freiwald 1995),
contributing to net respiration of the maerl holobiont. Because mesocosm treatments were not
axenic, the effect biofilms may have had on L. glaciale could not be determined.
Environmental factors can determine the community composition of biofilms (Lachnit et al.
2009), which may alter metabolic activity of the holobiont depending on the function of the

bacteria.

PAM fluorometry was helpful in assessing the characteristics of the photosynthetic apparatus
throughout the year, which can inform how this species responds to the annual light cycle in
southwestern Greenland. When we combine PAM measurements with daily O. and
calcification incubations, primarily in marine treatments, trends indicate that L. glaciale is a
seasonal responder increasing its productivity with increased light hours in its environment.
In all treatments, peak rETRmax 0ccurred in late winter-early spring, and decreased through
summer. Ex decreases over time (from the beginning to end of the experiment) but peaks
again in summer, responding to longer day lengths. Individuals have efficient levels of a in
winter-spring, but become inefficient at the end of summer. This seasonal increase in
productivity in the spring supports pulses of annual growth that have repeatedly been used in
paleoclimate reconstructions (Kamenos et al. 2012), though high pCO> can obscure the use of
Mg/Ca as a temperature proxy in the carbonate skeleton of L. glaciale (Raggazola et al.
2016). Investigation into the diurnal patterns of calcification in these organisms and
carbonate chemistry of their environments is warranted, especially on an annual scale, to
determine how these organisms persist within and dominate Arctic marine habitats despite

low productivity and calcification.
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We were particularly interested in the physiological performance of both coralline algae
species in their natural environment to determine whether the dominance of Clathromorphum
sp. in coralline algae beds was due to superior photosynthetic effort and calcification in the
environmental conditions of Godthabsfjord. Measurements of holobionts show that L.
glaciale was more productive and had a higher calcification rate than Clathromorphum sp.,
leaving us with many questions about the ecophysiology of Clathromorphum sp. and
ecological interactions such as grazing and competition. Competition could begin with
settlement and growth of free-living coralline algae; species differentially colonize the
variable size classes of sediment that form the core of a rhodolith (pebbles, stones, etc.), and
the inner species of the rhodolith or maerl may also be different from the exterior species
(Bosence 1983b). Along with the negative influence of low salinity, it is possible that L.
glaciale requires a specific composition of sediment to promote spore settlement and bed
formation. Importantly, little is known about competitive interactions between free-living
coralline algae, though crustose corallines exhibit herbivore mediated competition for space
in the intertidal zone (Steneck et al. 1991) and natural succession occurs in coralline
communities (Steneck 1986, Matsuda 1989). In Svalbard individual L. glaciale can house up
to 59 species of invertebrates (Teichert et al. 2012), and hollow rhodoliths are especially
important, dominated by crustaceans, echinoderms, and mollusks like the Arctic clam
(Teichert 2014). In Nova Scotia, L. glaciale beds house a diverse array of species that are
dominated by brittle stars and chitons (Gagnon et al. 2012), which are also the key dominant
taxa found in Norway (Freiwald and Henrich 1994). Clathromorphum sp. dominance could
be facilitated by similar faunal assemblages, as herbivores like the common urchin are 10
times more abundant in coralline algae habitats than kelp forests in the Godthabsfjord region
(Schoenrock pers. comm.). Further research should be done to assign liability to grazers in

these habitats.
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Climate change followed by an increase in fishing pressure and commercial traffic
throughout the Arctic is a threat to polar communities. An air temperature increase of 6 to 8
°C is predicted by 2100 for west Greenland (Rysgaard et al. 2003) and freshwater input has
been increasing from the glaciers that flow into Godthabsfjord (Juul-Pedersen et al. 2009,
Van As et al. 2014). Increased runoff and decreased water transparency is a threat for L.
glaciale in Svalbard where beds structure communities at 30-50 m depth (Teichert and
Friewald 2013), and ocean acidification reduces productivity of L. glaciale from this region
(Budenbender et al. 2011) as well as the growth and structural integrity of the skeleton
(Ragazzola et al. 2012, 2013). In Greenland, coralline algae are likely to be exposed to high
melt from the GrlIS, and increased runoff which will both decrease the temperature and
salinity of their habitats (Bintanja and Andry 2017). Increased ice sheet melt could result in
conditions where organisms reach the limit of their thermal tolerance, where low survival
temperature (LST) and low salinity would create difficult conditions for physiological
processes. In this study low salinity has a negative influence on L. glaciale physiological
performance, which may explain its low abundance in Godthabsfjord and potentially restrict
larger populations around Greenland and the Artic in predicted climate future (Brodie et al.
2014). High levels of fishing traffic could cause greater disturbance to benthic communities
(Barbera et al. 2003), though trawling currently occurs outside of rhodolith depths
(Jargensbye and Halfar 2017). Future work should investigate the microscale mechanisms of
calcification in these species, and determine where the substrates and energy for this process
are derived from. Further effort should be made to investigate Clathromorphum sp. from this
region to see if annual growth and productivity occur at competitive rates with those of L.

glaciale in hyposaline and colder environments. Studying the biodiversity of these habitats
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could add further insight into how faunal assemblages and species may be preventing L.

glaciale from establishing itself in marine habitats immediately around Nuuk.

Data is available through the University of Glasgow data repository, accessible via the UofG

library system: http://dx.doi.org/10.5525/gla.researchdata.645

ACKNOWLEDGEMENTS

The authors would like to thank the GINR and the Nuuk Fire Department for providing
logistical support in Nuuk. We are particularly grateful to thank Martin Blicher, Josephine
Nymand, Thomas Juul-Pedersen, Eukasz Stachnik, Johanne Vad, Mackenzie Haberman,
Alyssa Bell, Heather Baxter, and Jinhua Mao for their research and field assistance. Funding
was provided by the Leverhulme Trust Research Project Grant 2014-093 “Calving Glaciers:
Long Term Validation and Evidence”. Field work was also supported by the Scottish
Alliance for Geoscience, Environment and Society (SAGES) “PECRE exchanges with
Europe, North America, China, India” and the Marine Alliance for Science and Technology
for Scotland (MASTS) Small Grants Scheme. Seawater was paid for through the University
of Glasgow research enabling fund and Federation of European Microbiological Societies
research grant. This manuscript benefitted from discussions and review by Juliet Brodie,

Sophie McCoy, Laurie Hofmann, Arley Muth, and Bonnie Lewis.

27


http://dx.doi.org/10.5525/gla.researchdata.645

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

REFERENCES
Adey, W. H. 1970. The effects of light and temperature on growth rates in boreal- subarctic

crustose corallines. J. Phycol. 6:269-76.

Adey, W. H. 1973. Temperature control of reproduction and productivity in a subarctic

crustose coralline. Phycologia 12:111-18.

Adey, W. H. & Adey, P. J. 1973. Studies on the biosystematics and ecology of the epilithic

crustose corallines of the British Isles. Brit Phycol J 8. 343-407

Adey, W. H., Halfar, J., Humphreys, A., Suskiewicz, T., Belanger, D., Gagnon, P. & Fox, M.
2015. Subarctic rhodolith beds promote longevity of crustose coralline algal buildups and

their climate archiving potential. Palaios 30:281-93.

Adey, W. H. & Mckibben, D. 1970. Studies on the maerl species Phymatolithon calcareum
(Pallas) nov. comb. and Lithothamnium coralloides Crouan in the Ria de Vigo. Bot. Mar.

13:100-06.

Aguilara, J., Bischof, K., Karsten, U., Hanelt, D. & Wiencke, C. 2002. Seasonal variation in
ecological patterns in macroalgae from and Arctic fjord Il. Pigment accumulation and

biochemical defence systems against high light stress. Mar. Biol. 140:1087-95.

Barbera, C., Bordehore, C., Borg, J. A., Glemarec, M., Grall, J., Hall-Spencer, J. M., Huz, C.
d. I, Lanfranco, E., Lastra, M., Moore, P. G., Mora, J., Pita, M. E., Ramos-Espla, A. A.,

Rizzo, M., Sanchez-Mata, A., Seva, A., Schembri, P. J. & Valle, C. 2003. Conservation and

28



673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

management of northeast Atlantic and Mediterranean maerl beds. Aquat. Conserv.: Mar.

Freshwat. Ecosyst. 13:565-S76.

Bintanja, R. & Andry, O. 2017. Towards a rain-dominated Arctic. Nat Clim Change 7:263-

67.

Borowitzka, M. A. 1981. Photosynthesis and calcification in the articulated coralline red

algae Amphiroa anceps and A. foliacea. Mar. Biol. 62:17-23.

Bosence, D. W. J. 1979. Live and dead faunas from coralline algal gravels, Co. Galway.

Palaeontology 22:449-78.

Bosence, D. W. J. 1983a. I1l. 1 Description and Classification of Rhodoliths (Rhodoids,
Rhodolites). . In: Peryt, T. M. [Ed.] Coated Grains. Springer-Verlag, Berlin, Heidelberg, pp.

217-24.

Bosence, D. W. J. 1983b. 111.2 The Occurence and Ecology of Recent Rhodoliths - A
Review. In: Peryt, T. M. [Ed.] Coated Grains. Springer-Verlag, Berlin, Heidelberg, pp. 225-

41.

Breland, J. B. & Byrne, R. H. 1993. Spectrophotometric proceedures for determination of sea

water alkalinity using bromocresol green. Deep-Sea Res 40:629-41.

Brodie, J., Williamson, C. J., Smale, D. A., Mieszkowska, N., Santos, R., Cunliffe, M.,

Steinke, M., Yesson, C., Anderson, K. M., Asnaghi, V., Brownlee, C., Burdett, H. L.,

29



698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

Burrows, M. T., Collins, S., Donohue, P. J. C., Harvey, B., Foggo, A., noisette, F., Nunes, J
Ragazzola, F., Raven, J. A., Schmidt, D. N., Suggett, D., Teichberg, M. & Hall-Spencer, J.
M. 2014. The future of the northeast Atlantic benthic flora in a high CO2 world. Ecol Evol

4:2787-98.

Budenbender, J., Riebesell, U. & Form, A. 2011. Calcification of the Arctic coralline red

algae Lithothamnion glaciale in response to elevated CO,. Mar. Ecol. Prog. Ser. 441:79-87

Burdett, H. L., Hutton, A. D. & Kamenos, N. A. 2015. Effects of reduced salinity on the
photosynthestic characteristics and intracellular DMSP concentrations of the red coralline

alga, Lithothamnion glaciale. Mar. Biol. 162:1077-85.

Burrows, M. T., Kamenos, N. A., Hughes, D. J., Stahl, H., Howe, J. A. & Tett, P. 2014.
Assessment of carbon budgets and potential blue carbon stores in Scotland's coastal and

marine environment. Project Report. Scottish Natural Heritage, Edinburgh, 90 pp.

Chisholm, J. R. M. & Gattuso, J. P. 1991. Validation of the alkalinity anomaly technique fo
investigating calcification of photosynthesis in coral reef communities. Limnol. Oceanogr.

36:1232-39.

r

Daume, S., Brand-Gardner, S. & Woelkerling, W. J. 1999. preferential settlement of abalone

larvae: diatom films vs. non-geniculate coralline red algae. Aquaculture 174:243-54.

30



721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

De Wreede, R. E. & Klinger, T. 1988. Reproductive strategies in algae. In: Lovett-Doust, J.
& Lovett-Doust, L. [Eds.] Plant Reproductive Ecology: Patterns and Strategies. Oxford

University Press, New York, NY, pp. 267-84.

Dickson, A. G., Sabine, C. L. & Christian, J. R. 2007. Guide to best practices for ocean CO-

measurements. North Pacific Marince Science Organization, Sidney, British Columbia, 191.

Donohue, P. J. 2015. The effects of acidification and warming on marine calcifying biota.

PhD, University of Glasgow, 251 pp.

Dunton, K. & Dayton, P. K. 1995. The biology of high latitude kelps. Ecology of fjords and

coastal waters:499-507.

Edyvean, R. G. J. & Ford, H. 1987. Growth Rates of Lithophyllum incrustans (Corallines,

Rhodophyta) from South West Wales. Eur. J. Phycol. 22:139-46.

Egan, S., Harder, T., Burke, C., Steinberg, P., Kjelleberg, S. & Thomas, T. 2012. The

seaweed holobiont: understanding seaweed-bacteria interactions. FEMS Microbiol. Rev.

37:462-76.

Foster, M. S. 2001. Rhodoliths: between rocks and soft places. J. Phycol. 37:659-67.

Freiwald, A. 1993. Coralline algal maerl frameworks- Islands within the phaeophytic kelp

belt. Facies 29:133-48.

31



746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

Freiwald, A. 1995. Bacteria-induced carbonate degradation: a taphonomic case study of

Cibicides lobatus from a high-boreal carbonate setting. Palaios 10:337-46.

Freiwald, A. 1998. Modern nearshore cold-temperate calcareous sediments in the Troms

District, northern Norway. J Sed Res 68:763-76.

Freiwald, A. & Henrich, R. 1994. Reefal coralline algal build-ups within the Arctic Circle:
morphology and sedimentary dynamics under extreme environmental seasonality.

Sedimentology 41:963-84.

Gabara, S. 2014. Community Structure and Energy Flow Within Rhodolith Habitats at Santa

Catalina Island, CA. M.S., San Jose State University, 87 pp.

Gagnon, P., Matheson, K. & Stapleton, M. 2012. Variation in rhodolith morphology and

biogenic potential of newly discovered rhodolith beds in Newfoundland and Labrador

(Canada). Bot. Mar. 55:85-99.

Giraud, G. & Cabioch, J. 1983. Inclusions cytoplasmiques remarquables chez les

Corallinacees (Rhodophytes, Cryptonemiales). Ann Sci Nat Bot Biol 5:29-43.

Gomez-Lemos, L. A. & Diaz-Pullido, G. 2017. Crustose coralline algae and associated

microbial biofilms deter seaweed settlement on coral reefs. Coral Reefs 36:453-62.

32



769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

Gomez, I., Wulff, A., Roleda, M. Y., Huovinen, P., Karsten, U., Quartino, M. L., Dunton, K.
& Wiencke, C. 2009. Light and temperature demands of marine benthic microalgae and

seaweeds in polar regions. Bot. Mar. 52:593-608.

Grall, J., Loc'h, F. L., Guyonnet, B. & Riera, P. 2006. Community structure and food web
based on stable isotopes (615N and d13C) analysis of a North Eastern Atlantic maerl bed. J.

Exp. Mar. Biol. Ecol. 338:1-15.

Hanelt, D. & Nultsch, W. 1995. Field studies of photoinhibition show non-correlation
between oxygen and fluorescence measurements in the Arctic red algae Palmaria palmata. J.

Plant Physiol. 145:31-38.

Hernandez-Kantun, J. J., Hall-Spencer, J. M., Grall, J., Adey, W., Rindi, F., Maggs, C. A,
Barbara, 1. & Pena, V. 2017. North Atlantic Rhodolith Beds. In: Riosmena-Rodrigeua, R.
[Ed.] Rhodolith/Maerl Beds: A Global Perspective. Springer International Publishing,

Switzerland, pp. 265-79.

Heyward, A. & Negri, A. 1999. Natural inducers for coral larval metamorphosis. Coral Reefs

18:273-79.

Hofmann, L.C., M. Koch, D. de Beer (2016). Biotic control of surface pH andevidence of

light-induced H+ pumping and Ca?*-H* exchange in a tropical crustose coralline algae. PL0oS

ONE, 11(7): e0159057. d0i:10.1371/journal.pone.0159057

33



793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

Hurd, C. L. 2000. Water motion, marine macroalgal physiology, and production. J. Phycol.

36:453-72.

Hurd, C. L., Harrison, P. J., Bischof, K. & Lobban, C. S. 2014. Seaweed Ecology and

Physiology. Cambridge University Press, Cambridge, UK, 551 pp.

IPCC 2013. Summary for Policymakers. In: Stocker, T. F., Qin, D., Plattner, G.-K., Tignor,
M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex, V. & Midgley, P. M. [Eds.] Climate
Change 2013: The Physical Science Basis. Contribution of Working Group | to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge

University Press, New York, 33 pp.

Irvine, L.M., & Y.M.C. Chamberlain (1994). Seaweeds of the British Isles, Vol 1, Part 2B

Corallinales, Hildenbrandiales. British Museum (Natural History), London, 275 pp.

Jacob, A., Kirst, G. O., Wiencke, C. & Lehmann, H. 1991. Physiological responses of the
Antarctic green alga Prasiola crispa spp. antarctica to salinity stress. J. Plant Physiol.

139:57-62.

James, D. 2000. Diet, movement, and covering behavior of the sea urchin Toxopneustes

roseus in rhodolith beds in the Gulf of California. Mar. Biol. 137:913-23.

Jargensbye, H. I. & Halfar, J. 2017. Overview of coralline red algal crusts and rhodolith beds
(Corallinales, Rhodophyta) and their possible ecological importance in Greenland. Polar

Biol. 40:517-31.

34



818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

Juul-Pedersen, T., Arendt, K. E., Mortensen, J., Krawczyk, D., Rysgaard, S., Retzel, A.,
Nygaard, R., Burmeister, A., Krause-Jensen, D., Marba, N., Olesen, B., Sefr, M. K., Blicher,
M., Meire, L., Geertz-Hansen, O., Labansen, A. L., Boye, T. & Simon, M. 2009. NuukBasic:
The MarineBasis Programme 2012. In: Jensen, L. M. & Rasch, M. [Eds.] Nuuk Ecological
Research operations, 7th Annual Report 2013. National Environmental Research Institute,

Aarhus, Denmark, pp. 39-58.

Kain, J. 1989. The seasons in the subtidal. British Phycological Journal 24:203-15.

Kamenos, N. A., Hoey, T. B., Nienow, P., Fallick, A. E. & Claverie, T. 2012. Reconstructing

greenland ice sheet runoff using coralline algae. Geology 40:1095-98.

Kamenos, N. A., Moore, P. G. & Hall-Spencer, J. M. 2004. Nursery-area function of maerl
grounds for juvenile queen scallops Aequipecten opercularis and other invertebrates. Mar.

Ecol. Prog. Ser. 274:183-89.

Karsten, U., Kirst, G. O. & Wiencke, C. 1992. Dimethylsulphoniopropionate (DMSP)
accumulation in green macroalgae from polar to temperate regions: interactive effects of light

versus salinity and light versus temperature. Polar Biol. 12:603-07.

Karsten, U., Kuck, K., Vogt, C. & Kirst, G. O. 1996. Dimethylsulfoniopropionate production
in phototrophic organisms and its physiological funstions as a cryoprotectant. In: Kiene, R.
P., Visscher, P. T., Keller, M. D. & Kirst, G. O. [Eds.] Biological and Environmental

Chemistry of DMSP and Related Sulfonium Compounds. Springer, Boston, pp 143-53.

35



843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

Kim, J., Choi, J. S., Kang, S. E., Cho, J. Y., Jin, H. J,, Chun, B. S. & Hong, Y. K. 2004.
Multiple allelopathic activity of the crustose coralline alga Lithophyllum yessoense against

settlement and germination of seaweed spores. J. Appl. Phycol. 16:175-79.

Lachnit, T., Blimel, M., Imhoff, J. F. & Wahl, M. 2009. Specific epibacterial communities

on macroalgae: phylogeny matters more than habitat. Aquat Biol 5:181-86.

Lee, K., Tong, L. T., Millero, F. J., Sabine, C. L., Dickson, A. G., Goyet, C., Park, G.,
Wannikhof, R., Feely, R. A. & Key, R. M. 2006. Global relationships of total alkalinity with
salinity and temperature in surface waters of the world's oceans. Geophys. Res. Lett.

33:1L.19605.

Lewis, T. E., Garland, C. D. & Mcmeekin, T. A. 1985. The bacterial biota on crustose

(nonarticulated) coralline algae from Tasmanian waters. Microb. Ecol. 11:221-30.

Lining, K. 1990. Seaweeds: their environment, biogeography, and ecophysiology. John

Wiley & Sons, New York, 527 pp.

Malin, G. & Erst, G. O. 1997. Algal production of Dimethyl Sulfide and its atmospheric role.

J. Phycol. 33:889-96.

Marrak, E. 1999. The relationship between water motion and living rhodolith beds in the

southwestern Gulf of California, Mexico. Palaios 14:156-71.

36



868  Martin, S. & Gattuso, J. P. 2009. Response of Mediterranean coralline algae to ocean

869 acidification and elevated temperature. Global Change Biol. 15:2089-100.

870

871  Matsuda, S. 1989. Succession and growth rates of encrusting crustose coralline algae

872  (Rhodophyta, Cryptonemiales) in the upper fore-reef environment off Ishigaki Island,

873  Ryukyu Islands. Coral Reefs 7:185-95.

874

875  McCoy, S. J., Pfister, C. A., Olack, G. & Colman, A. S. 2016. Diurnal and tidal patterns of
876  carbon uptake and calcification in geniculate inter-tidal coralline algae. Mar. Ecol. 37:553-
877 64

878

879  Parizek, B. R. & Alley, R. B. 2004. Implication of increased Greenland surface melt under
880  global-warming scenarios: ice-sheet simulations. Quaternary Sci Rev 23:1013-27.

881

882  Pedersen, P. M. 2011. Grgnlands havalger. ForlagetEpsilon.dk, Denmark, 208 pp.

883

884  Provan, J., Wattier, R. A. & Maggs, C. A. 2005. Phylogeographic analysis of the red seaweed
885  Palmaria palmata reveals a Pleistocene marine glacial refugium in the English Channel. Mol.
886  Ecol. 14:793-803.

887

888  Pueschel, C. M. 1992. An ultrastructural survey of the diversity of crystalline, proteinaceous
889 inclusions in red algal cells. Phycologia 31:489-99.

890 Ragazzola, F., Foster, L. C., Form, A., Anderson, P. S. L., Hansteen, T. H., & Fietzke, J.

891  2012. Ocean acidification weakens structural integrity of coralline algae. Global Change Biol

892  18:2804-12

37



893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

Ragazzola, F., Foster, L. C., Form, A., Anderson, P. S. L., Hansteen, T. H., & Fietzke, J.
2013. Phenotypic plasticity of coralline algae in a high CO2 world. Global Change Biol

3:3436-46

Ragazzola, F., Foster, L. C., Jones, C. J., Scott, T. B., Fietzke, J., Kilburn, M. R. & Schmidt,
D. N. 2016. Impact of high CO, on the geochemistry of the coralline algae Lithothamnion

glaciale. Nat Sci Rep 6:20572.

Roberts, R. D., Kuhl, M., Glud, R. N. & Rysgaard, S. 2002. Primary production of crustose

coralline red algae in a high arctic fjord. J. Phycol. 38:273-83.

Rysgaard, S., Vang, T., Stjernholm, M., Rasmussen, B., Windelin, A. & Kiilsholm, S. 2003.
Physical conditions, carbon transport, and climate change impacts in a Northeast Greenland

Fjord. Arct. Antarct. Alp. Res. 35:301-12.

Schoenrock, K. M., Schram, J. B., Amsler, C. D., McClintock, J. B., Angus, R. A. & Vohra,
Y. 2016. Climate change confers a potential advantage to fleshy Antarctic crustose

macroalgae over calcified species. J. Exp. Mar. Biol. Ecol. 474:58-66.

Schwarz, A. M., Hawes, I., Andrew, N., Mercer, S., Cummings, V. & Thrush, S. 2005.

Primary production potential of non-geniculate coralline algae at Cape Evans, Ross Sea,

Antarctica. Mar. Ecol. Prog. Ser. 294:131-40.

38



917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

Schwarz, A. M., Hawes, I., Andrew, N., Norkko, A., Cummings, V. & Thrush, S. 2003.
Macroalgal photosynthesis near the southern global limit for growth; Cape Evans, Ross Sea,

Antarctica. Polar Biol. 26:789-99.

Steller, D. L. & Caceres-Martinez, C. 2009. Coralline algal rhodoliths enhance larval
settlement and early growth of the Pacific calico scallop Argopecten ventricosus. Mar. Ecol.

Prog. Ser. 396:49-60.

Steneck, R. S. 1986. The ecology of coralline algal crusts: convergent patterns and adaptive

strategies. Annu Rev Ecol Syst 17:273-303.

Steneck, R. S., Hacker, S. D. & Dethier, M. D. 1991. Mechanisms of competetive dominance
between crustose coralline algae: an herbivore-mediated competetive reversal. Ecology

72:938-50.

Suzuki, Y., Takabashi, T., Kawaguchi, T. & Matsunaga, K. 1998. Isolation of an allelopathic

substance from the crustose coralline algae, Lithophyllum spp., and its effect on the brown

alga, Laminaria religiosa Miyabe (Phaeophyta). J. Exp. Mar. Biol. Ecol. 225:69-77.

Teichert, S. 2014. Hollow rhodoliths increase Svalbard's shelf biodiversity. Sci Rep -UK

4:6972.

Teichert, S. & Friewald, A. 2013. Polar coralline algal CaCOz-production rates correspond to

intensity and duration of solar radiation. Biogeosci. Disc. 10:14115-40.

39



942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

Teichert, S., Woelkerling, W., Rlggeberg, A., Wisshak, M., Piepenburg, D., Meyerhofer, M.,
Form, A., Blidenbender, J. & Freiwald, A. 2012. Rhodolith beds (Corallinales, Rhodophyta)
and their physical and biological environment at 80 31' N in Nordkappbukta (Nordaustlandet,

Svalbard Archipelago, Norway). Phycologia 51:371-90.

Van As, D., Andersen, M. L., Petersen, D., Fettweis, X., Angelen, J. H. V., Lenaerts, J.,
Broeke, M. R. V. D, Lea, J. M., Boggild, C. E., Ahlstrom, A. P. & Steffen, K. 2014.
Increasing meltwater discharge from the Nuuk region of the Greenland ice sheet and

implications for mass balance. J Glaciol 60:314-22.

Wiencke, C. & Amsler, C. D. 2012. Seaweeds and their communities in polar regions. In:

Wiencke, C. & Bischof, K. [Eds.] Seaweed Biology. Springer-Verlag, Berlin, pp. 265-94.

Wiencke, C., Clayton, M. N., Gomez, I., Iken, K., Luder, U. H., Amsler, C. D., Karsten, U.,
Hanelt, D., Bischof, K. & Dunton, K. 2007. Life strategy, ecophysiology and ecology of

seaweeds in polar waters. Reviews in Environmental Science and Bio/Technology 6:95-126.

Williamson, C. J., Perkins, R., Voller, M., Yallop, M. L. & Brodie, J. 2017. The regulation of
coralline algal physiology, an in situ study of Corallina officinalis (Corallinales,

Rhodophyta). Biogeosciences 14:1-14.

Wilson, S., Blake, C., Berges, J. A. & Maggs, C. A. 2004. Environmental tolerances of free-

living coralline algae (maerl): importance for European marine conservation. Biol. Conserv.

120:279-89.

40



967

968

969

Yao, W. & Byrne, R. H. 1998. Simplified seawater alkalinity analysis: use of linear array

spectrometers. Deep Sea Res. (I Oceanogr. Res. Pap.) 45:1383-92.

41



970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

FIGURES

Figure 1. Map of the fjord system from the Kangiata Nunata Sermia glacier to the seaward
islands outside of Nuuk (star). Small dots indicate SONDE sampling sites (Table 1) and large
dots indicate coralline algae collections sites (note Kgbbefjord is a SONDE and maerl

collection site, Table 1). Inset is an orientation to the Nuuk region within Greenland.

Figure 2. Average a) calcification and b) O. production rates of Lithothamnion glaciale in

mesocosm treatments at four sample periods from May-September (n = 5, mean + SE).

Figure 3. Day vs. Night calcification rates of Lithothamnion glaciale in mesocosm treatments

during both May and June (n = 5, mean * SE).

Figure 4. PAM fluorometry measurements a) photosynthetic efficiency (o), b) rETRmax, and

c¢) Ex of Lithothamnion glaciale in mesocosm treatments represented by group average (n =5,

mean * SE).
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TABLES

Table 1. Values for temperature, salinity, dissolved oxygen (DO) and pH from multiple sites

(n =1 per site) throughout the fjord system from Kangiata Nunata Sermia to seaward islands

of Godthabsfjord taken in August, 2015. All measurements were taken at a depth of ~0.5-11-

m using a multi-parameter sonde (YSI) outfitted with temperature, salinity, DO, and pH

probes.
Temperature DO (Oz2mg -

Site Depth (m)  Salinity (°C) L1 pH
Marine
Kabbefjord 0.28 28.08 6.404 11.95 8.09
S76 6.251 31.87 4,508 10.84 7.95
S59 4.747 29 7.279 10.77 8.22
Avg 29.65 6.06 11.19 8.09
Kangersunneq-
Godthabsfjord
S9 5.335 28.05 2.96 11.94 8.18
S20 6.496 27.61 5.48 13.02 8.29
S30 10.198 30.31 -0.01 13.22 8.13
S32 9.337 30.54 0.03 8.92 8.09
S33 9.257 29.39 0.30 9.07 8.08
S24 5.84 25.62 11.54 9.50 8.13
S16 5.114 29.84 3.70 12.47 8.17
S31 11.157 30.60 0.08 8.35 8.50
S64 9.695 29.77 5.35 9.77 8.13
Avg 30.07 3.04 10.20 8.27
Ameralik
S66 9.47 32.55 5.20 10.73 8.21
S69 9.716 32.43 5.13 11.29 8.18
S70 10.433 32.44 442 11.46 8.15
Avg 32.47 491 11.16 8.18
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994  Table 2. Dissolved oxygen (DO), temperature, salinity, pH and At (mean + SE) of each
995  mesocosm treatment throughout the 346-d experimental period. All DO, temperature, salinity
996 and pH values were recorded five days a week in each treatment (n = 213 per treatment) and

997 At was measured monthly (n = 10 per treatment).

DO (mgO,-  Temperature At (umol - kgt

L) °C) Salinity pH SW)
Marine 107134052 7.02+004 20% 81+ 168.92+2541
4520, 0220, 0.08 0.02 JeE 2o,
. 2248 + 808z
Low salinity ~ 106.75+0.51  7.19 +0.04 o4 05 1679.35%44.82
Low 3158 + 819+
omperature 112342059 3.860.05 o 0, 2155453784
. 2183 + 804z
Fjord 111.08+0.65  4.32 +0.05 003 05 1690.08 % 29.63
998
999
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Table 3. Calcification rates of Lithothamnion glaciale and Clathromorphum sp. in natural

conditions. In 2015 these rates were measured through incubations in field camps at ~4 °C

under ambient light levels (n = 5, mean £ SE). In 2016 they were measured in incubations in

a cold room with constant temperature of 2 - 4 °C, and ambient day: night light cycles (n =9,

mean * SE).
G (umol CaCO3-g*-  Oz2(mgO2-L*-
Species Year  Collection site ) ht)
L. glaciale 2015  Akia Peninsula 0.037 £ 0.182
L. glaciale 2015 Kabbefjord -0.194 +0.172
L. glaciale 2016  Akia Peninsula 1.107 £ 0.223 -0.023 + 0.003
L. glaciale 2016 Kgbbefjord 1.225+0.17 -0.007 + 0.003
C. compactum 2016 Dive 14 -0.006 £ 0.009 -0.011 £ 0.001
C. compactum 2016 Site 124 0.002 + 0.023 -0.004 + 0.001
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Figure 3

Calcification Rate (umol CaCO3-g'1°h'1)
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Figure 4
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